ABSTRACT Hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae), is an invasive pest of eastern hemlock (Tsuga canadensis (L.) Carriè re) and Carolina hemlock (T. caroliniana Englem.) in eastern United States. Host-range tests for Laricobius osakensis Montgomery and Shiyake (Coleoptera: Derodontidae), imported from Japan, were conducted under quarantine in Blacksburg, VA, to determine the suitability of this predator as a biological control agent of A. tsugae. Host-range testing for L. osakensis, involved no-choice and paired choice feeding, oviposition, and development tests with A. tsugae, three other adelgids, and three nonadelgid species. L. osakensis fed and laid more eggs on A. tsugae over all the other host species. The difference was greater in paired-choice tests. L. osakensis completed development only on A. tsugae. The overall results of the host range study indicate that L. osakensis is a speciÞc predator of A. tsugae, supporting its potential as a biological control agent, and is not a threat to nontarget species populations.
Hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae) (Annand 1924 ) is the single greatest threat to hemlock forests in the eastern United States (Orwig et al. 2002) . This insect is native to all hemlock ranges except in those found in eastern North America (Havill and Foottit 2007) . In its native range it is not usually considered a pest as it very rarely reaches outbreak numbers (McClure 1989, Montgomery and Lyon 1995) .
In North America, A. tsugae was Þrst reported in the PaciÞc Northwest on Tsuga heterophylla (Raf.) Sargent and T. mertensiana (Bong.) Carriè re, where both species are rarely injured (Annand 1924) . A recent genetic analysis of A. tsugae across all its distribution proved that the population present in western North America is distinct, yet does not form its own clade (Havill et al. 2006) . The fact that the population in western North America is under control both by the action of natural enemies and host resistance seems to indicate that A. tsugae might be native to this region (Havill and Foottit 2007) . The same genetic analysis provided evidence that the clade introduced into the eastern U.S. came from southern Japan (Havill et al. 2006 ). In the eastern U.S., this invasive species was Þrst detected on eastern hemlock, T. canadensis (L.) Carriè re, in Richmond, VA, in the early 1950s (Souto et al. 1996) . Despite the relative low economic value of hemlocks as a timber species in the forest setting, there is a general recognition of their great ecological value (Snyder et al. 2002 , Ross et al. 2003 , Ward et al. 2004 . Carolina hemlock (Tsuga caroliniana Englem.) is a rare endemic species to the Appalachian Mountains (Farjon 1990) . The loss of this species in this area means the loss of the species worldwide (Ward et al. 2004) . Hemlocks are also frequently dominant in several forest settings in the eastern U.S. greatly affecting the characteristics of the habitat where they are present (Tyrrell and Crow 1994 , Ross et al. 2003 , Morkeski 2007 . Several species of birds, Þsh, invertebrates, amphibians, reptiles, mammals, and other plants depend greatly on the environment that exists in hemlock stands. Some species, like the black-throated green warbler (Dendroica virens) and the blue-headed vireo (Vireo solitarius) , are only present in hemlock forests (hemlock obligates) (Degraaf and ChadWick 1987 , Quimby 1995 , Ross et al. 2004 .
Natural control of A. tsugae in its native areas seems to be because of a combination of both tree resistance and natural enemies (McClure and Cheah 1999 , Tredici and Kitajima 2004 , Havill et al. 2008 . Unlike other hemlock species, T. canadensis and T. caroliniana are highly susceptible to A. tsugae Foster 1998, Mayer et al. 2002) . Infested trees show poor crown, reduced terminal branch growth and needle loss. This pest has been reported to be fatal to hemlocks of all ages in as little time as 4 yr (McClure 1991).
Since its introduction, A. tsugae has already spread throughout 50% of 1.3 million ha of T. canadensis ecosystem and it seems to only be slowed by low temperatures (Parker et al. 1998) .
In addition to the lack of resistance there are no known natural enemies of A. tsugae in the eastern U.S. Lyon 1995, Wallace and Hain 2000) . The only natural regulation of A. tsugae populations in the eastern U.S. appear to be weather (Parker et al. 1998 ) and negative density-dependent feedback mechanisms (McClure 1991) .
In 1995, Sasajiscymnus tsugae Sasaji and McClure (Coleoptera: Coccinellidae), found in association with A. tsugae in Japan, was the Þrst natural enemy released for the management of A. tsugae in eastern U.S. (Sasaji and McClure 1997, Cheah and McClure 1998) . Other natural enemies that have been found across the natural range of A. tsugae have been released. These include one coccinellid, Scymnus sinuanodulus Yu et Yao , and Laricobius nigrinus Fender (Coleoptera: Derodontidae), from western North America (Lamb et al. 2006) . Despite all this effort, satisfactory control of A. tsugae has not yet been achieved.
Foreign exploration continues to Þnd new natural enemies to augment the current assemblage of natural enemies being released (McAvoy et al. 2007 , Kohler et al. 2008 . Laricobius osakensis Montgomery and Shiyake (Montgomery et al. 2011 ) was discovered in May 2005 in association with A. tsugae on T. seiboldii saplings in Japan. In March 2006, 300 adult beetles and several hundred larvae were collected and constituted the parental line for the colony that has been reared in the BeneÞcial Insects Quarantine Laboratory at Virginia Tech.
Both adult and larvae of the genus Laricobius are predacious on woolly adelgids (Hemiptera: Adelgidae) (Lawrence and Hlavac 1979, Lamb et al. 2008) . L. nigrinus was found to be a specialist predator of A. tsugae (Zilahi-Balogh et al. 2002) . Its life cycle is synchronous with A. tsugae and only develops on this species, although it might feed on other adelgid species (Zilahi-Balogh et al. 2003) . Postrelease evaluation of impact and establishment for this species has been encouraging (Mausel et al. 2008 , Mausel et al. 2010 . It is expected that L. osakensis will follow the same strong association with A. tsugae.
Preliminary Þeld and laboratory studies for L. osakensis indicate promising attributes as biological agent of A. tsugae. Ongoing Þeld studies in Japan indicate that this species is a key species in the control of A. tsugae populations (Lamb et al. 2008 ). Based on laboratory studies, this species has a lower temperature threshold and higher feeding, oviposition and larval development rate than L. nigrinus. It also begins oviposition sooner, 2 wk after emergence, while L. nigrinus only begins oviposition 2Ð3 mo after emergence. However, emergence of L. osakensis in the laboratory occurs in the fall, ϳ1 mo later than L. nigrinus (A.B. Lamb, unpublished data) .
The primary objective of this study was to determine the host speciÞcity of L. osakensis. A suitable biological control agent should be speciÞc to the target pest, A. tsugae, thus minimizing any nontarget or negative ecological effects (van Lenteren et al. 2006 ). Tests in 2009 used F 1 generation females produced by L. osakensis adults collected from A. tsugae-infested T. sieboldii in Kobe and Takatsuki, Japan (N34Њ57.565Ј E135Њ36.681Ј). They were maintained in environmental chambers at 6ЊC, 12:12 (L:D) h, and 70 Ð90% RH on Þeld collected A. tsugae infested eastern hemlock twig cuttings. The resulting progeny (F 1 generation) that started emerging from aestivation as adults in November 2008 were used in this study.
Materials and Methods

Prey
Test Prey Species. Five species of alternate prey were selected for the host range tests based on taxonomic or ecological similarity to A. tsugae, and ecological importance. All test prey species belong to the order Hemiptera from Þve genera in three families (McClure 1989 , Farjon 1990 , Baker 1994 , Kolk and Starzyk 1996 , Desrochers et al. 2002 , U.S. Department of Agriculture [USDA] 2002). They are listed in Table  1 with their associated host plants, place of origin, the times at which each stage is present in the Þeld and the reason for being selected for the host range tests. Although P. tesselatus is generally considered a pest, it has ecological importance as prey for Feniseca tarquinius (Fabricius) (Lepidoptera: Lycaenidae), the only strictly carnivorous caterpillar in the U.S. (Scott 1997) .
Test prey species collected from the Þeld were on their secondary host plant at the time of the test. In 2006, both alternate test prey were collected in Vir-ginia: A. picea from Fraser Þr, Abies fraseri (Pursh) in a mixed stand in Blacksburg and P. strobi from a Pinus strobus (L.) stand at Mountain Lake, Giles Co., VA. In 2008, all alternate test prey were collected in Virginia with the exception of F. externa, which was collected from a T. canadensis stand in Snyder Co., PA. A. piceae and C. pinifoliae were collected from A. fraseri and T. canadensis, respectively, from a mixed stand in Blacksburg, VA. P. strobi was collected from a P. strobus stand in Mountain Lake and P. tessellatus was collected from Alnus serrulata (Ait.) Willd in Big Stony Creek, Giles Co., VA. In 2009, P. tessellatus was collected from the same location as in 2008. A. abietis was collected from Picea abies (L.) Karst in Mountain Lake. A. piceae was collected from A. fraseri in an abandoned Christmas tree plantation in Laurel Springs, Ashe Co., NC. F. externa was collected from an ornamental T. canadensis tree in Boone, Watauga Co., NC. P. strobi was collected from P. strobus in the Cherokee National Forest, Monroe County, TN.
All stages (egg, nymphs, or adults) were offered in the feeding and oviposition tests according to the stage collected from the Þeld at the time of the test. L. osakensis adults can feed on nymphs and adults alone, but will feed on eggs if they are present. For the development tests, with the exception of P. tessellates, only prey with eggs were used as Laricobius larvae are known to only feed on eggs in their development. However, L. osakensis later instars may be able to feed on nymphs as well. P. tessellates could only be found on A. serrulata, the secondary host, where it reproduces asexually, giving live birth.
A. tsugae differs from all the other prey tested (Table 1) in that it undergoes aestival diapause in the summer and develops throughout the winter. In contrast, the other prey go through hibernal diapause in the winter and develop from spring through fall. As L. osakensis is synchronized with A. tsugae, it also undergoes aestival diapause and develops throughout the winter, when the alternate prey are dormant (A.B. Lamb, unpublished data).
To minimize damage to test prey in the families Adelgidae and Diaspididae, which remain attached to the host plants once crawlers settle, all test prey were left intact on their host. The test prey used occur naturally in a forest setting on conifers in Virginia and would likely be encountered by L. osakensis when it is released into the environment.
Prey Acceptance. Adult Feeding Tests. Prey acceptance by adult L. osakensis was examined through both no-choice and paired-choice feeding experiments using adults or eggs of each test prey.
No-choice feeding tests using adult prey were A. tsugae, A. piceae, A. abietis, P. tessellates, and F. externa in 2009 and A. tsugae, A. piceae, and P. strobi USDA (1989) . c Desrochers et al. (2002) . d Martineau (1984) . e Baker (1994) . f Luck and Dahlsten (1974 When using adult prey, a sample of 10 individuals of each test prey, including hemlock woolly adelgid, was selected and measured. The volume for 20 A. tsugae adults and the number of a speciÞc test prey with the same volume was calculated. Excess individuals were removed from the host plant with Þne forceps.
When using test prey eggs, the eggs were counted before exposure to L. osakensis. For most test prey the eggs are loosely surrounded by waxy wool Þlaments and can be easily counted without compromising the integrity of the egg mass. In contrast, A. tsugae lays its eggs within tight woolly ovisacs making it difÞcult to count the eggs without destroying the ovisac. The equation y ϭ 19.41x -27.95, relating the number of eggs (y) in an ovisac and ovisac area (millimeters square) (x), was used to determine the number of eggs offered (Zilahi-Balogh et al. 2002) . Before exposure to L. osakensis, the area of the A. tsugae ovisacs offered was determined using a dissecting scope with a calibrated ocular scale, and the number of eggs within estimated.
On completion of the test, L. osakensis adults were removed and the remaining prey adults or eggs were counted. Tests were conducted at 12ЊC in 2006 Prey Suitability. Survivorship of each stage of L. osakensis, from the egg to adult, was assessed on prey species (Table 1) . Two approaches were used, monitoring individuals and in groups.
In 2009, procedures for development in groups followed the rearing procedure in place for L. osakensis and modiÞed from Lamb et al. (2005) . This was done to minimize disturbance and optimize development on all test prey species. When the prey were on branches or needles, clusters of infested twigs were arranged in rows in a rectangular piece of ßoral foam (Ϸ15 ϫ 10 ϫ 2.5 cm) soaked with water and wrapped in paraÞlm. When the prey was on the bark, the undersides of the bark sections were waxed to limit the loss of moisture. Forty or 80 L. osakensis eggs, depending on availability, were transferred individually with a Þne brush onto test prey. The clusters were placed into individual metallic funnels (25.4 cm diameter/ top, 7.3 cm diameter/bottom, 20.3 cm height) with a metal grid and a plastic cylinder with ventilation on top and a glass jar at the bottom to collect the prepupal larvae that drop. In nature, mature larvae drop from the foliage to settle into the soil and pupate (Lamb et al. 2007 ). Less frequently, immature larvae accidentally dropped as well. The prepupal larvae stage can be distinguished from immature larvae as they curl into tight spheres when disturbed and remain like that for Ͼ10 s. Immature larvae cannot curl as tightly (there is space within the curl), are much more active (more movement), and return to an extended position in Ͻ10 s. The number and stage of larvae that dropped were recorded. Immature larvae were measured to determine larval stage and returned to the foliage in the funnel to complete development. Prepupal larvae were placed into a ventilated container Þlled up to 4 cm with a soil mix of one part sand, two parts peat moss, two parts sphagnum, and one part of water. These containers were placed in an environmental chamber at 15ЊC and 75Ð 87% RH for pupation. Water was added weekly to maintain moisture and the temperature was manipulated during aestivation to synchronize adult emergence with A. tsugae breaking aestival diapause in the Fall (Lamb et al. 2007 ). The number of adults that emerged from each treatment was recorded.
Individual development was monitored in 2008 to determine the maximum development stage reached. This was done in a much more conÞned space. In 2008, 10 L. osakensis eggs were followed for each test prey. Each egg was transferred with a Þne brush onto test prey in a 100 ϫ 25 mm 2 polystyrene petri dish (Nalgene Lab-Tek) lined with two layers of 90 mm diameter Þlter paper (GE Healthcare Whatman). In 2009, similar assays were conducted, but instead of one egg per assay, six eggs were placed in each petri dish with four replications for each prey. Eggs of L. osakensis were examined daily for hatch. Larval stages were examined daily or every other day for survivorship at each stage. Fresh prey was added at each check. The maximum larval stage that L. osakensis reached in each assay was recorded.
Development data for both individual and group development tests were summarized to determine the overall maximum possible development of L. osakensis in each test prey. Group development tests involved much less disturbance and can provide a better indication of prey suitability. However, the limitation in disturbance also limits the information that can be obtained. Combining both assays allow for a complete set of data step by step (individual assay) and the reliability of the information provided by group assays (immature or prepupal larvae that dropped) when available.
Data Analyses. Box plots where used for detection of outliers. Extreme outliers were determined as being out of range of both box (25 and 75th quantiles) and whiskers (standard deviation) in the box plots. Three outliers were detected and removed when necessary before any statistical treatment. All data were tested for normality using goodness-of-Þt test and for heterogeneity of variance through plots of the residuals.
Feeding no-choice tests were analyzed using a oneway analysis of variance (ANOVA). For the no-choice oviposition tests, as count data modeled by the Poisson distribution, the GLIMMIX procedure in SAS (SAS Institute Inc. 2008a) was used for the overall ANOVA. The Tukey-Kramer honestly signiÞcant difference test was used to determine signiÞcant differences among treatments in both tests.
In feeding and oviposition paired-choice tests, paired t-tests were used to determine prey preference. Larval development was summarized by the stages that L. osakensis reached for each test prey. The percentage of adults obtained on each host was modeled by a binomial response (success/fail to develop from egg to adult on the host). All statistical tests were carried out using JMP (SAS Institute Inc. 2007) and SAS (SAS Institute Inc. 2008b) , at P ϭ 0.05 signiÞcance level.
Results
Prey Acceptance. Adult Feeding Tests. L. osakensis adults fed on all test prey with the exception of F. externa and C. pinifoliae. In no-choice tests, during both test periods, signiÞcantly more adults or eggs of A. tsugae were eaten than adults or eggs of all other test prey species (F ϭ 36.55; df ϭ 23; P Ͻ 0.0001Ð2006 and F ϭ 50.94; df ϭ 49; P Ͻ 0.0001Ð2009) ( Table 2) . SigniÞcantly more P. strobi eggs were consumed than A. piceae eggs (q ϭ 2.52; df ϭ 7; P ϭ 0.004), and a signiÞcantly greater volume of A. abietis adults were consumed than both P. tessellates (q ϭ 2.84; df ϭ 9; P ϭ 0.003) and F. externa (q ϭ 2.84; df ϭ 9; P Ͻ 0.0001). In the paired-choice test of egg prey, A. tsugae was preferred over all four test species. L. osakensis did not feed on any F. externa or C. pinifoliae eggs (Table 3) . Prey Suitability. L. osakensis could only complete development to the adult stage on a diet of A. tsugae (Table 6) . A. piceae, A. abietis, and P. strobi supported larval development to the fourth instar, as observed in group assays, but did not support further development. Larvae provided with P. tessellatus, F. externa, and C. pinifoliae died in the Þrst instar.
Discussion
Test results on oviposition, feeding, and larval development indicate that L. osakensis is highly speciÞc to A. tsugae. Although it can feed on other adelgid species, there is a distinct preference for A. tsugae in both feeding and oviposition tests, and it is only able to complete development on A. tsugae. Because L. osakensis failed to complete development on all other tests species, they are not considered suitable hosts. The preference is especially accentuated in the paired-choice oviposition tests. L. osakensis laid eggs on all test prey species, even on the petri dishes, when presented with no option. However, when given the choice between A. tsugae and the other prey, it laid eggs almost exclusively on A. tsugae.
The amount of feeding is greatly reduced when only the alternate prey is provided. In addition, L. osakensis phenology under natural conditions would limit feeding on these alternate prey. Being active in winter, L. osakensis is synchronized with A. tsugae activity, while the alternate prey species are dormant. Thus, the window of time at which L. osakensis would have the opportunity to encounter these other species is very limited. This limited ability to feed on other prey species may make it difÞcult for L. osakensis to survive ßuctuating A. tsugae populations. However, its threat to nontarget species is minimal at most. As A. tsugae will be always preferred if present, any feeding on alternate prey would be limited and development is very unlikely.
L. osakensis was maintained on A. tsugae before tests. This might have introduced bias toward A. tsugae in the feeding and oviposition tests, but not in the development tests, as the eggs were the stage transferred to the alternate prey. In this case, only A. tsugae supported L. osakensis development to the adult stage.
The information gathered (Table 6 ) clearly justiÞes the use of both individual and group approaches. The group assays wouldnÕt be able to provide information for prey in which L. osakensis larvae could not develop past the third instar, as it was the case for P. tessellatus, F. externa and C. pinifoliae. Similarly, the individual assays would not be able to provide reliable information on the maximum larval instar reached on each 
Individuals reaching the developmental stage feeding on test prey observed in individual assays are indicated with a ߛ. Individuals reaching the developmental stage feeding on test prey observed in group assays are indicated with a ✘. prey. This was the case for all the other prey. Using only individual assays one would conclude that L. osakensis couldnÕt develop on A. tsugae, which we knew was inaccurate because this predator has been reared in Virginia Tech on this host for years. It was also possible to determine that L. osakensis developed up to the fourth larval instar using A. piceae, A. abietis, and P. strobi instead of the third larval instar as observed in individual assays. The fourth larval instar was detectable on the group assays because, as previously discussed in the methodology, some immature larvae did drop to the jars. L. osakensis follows the pattern previously described for other Laricobius species showing a feeding preference for adelgids. This is not surprising as previous records describe members of the genus Laricobius as adelgid specialists (Lawrence and Hlavac 1979) . Based on our overall results, L. osakensis appears to be highly host speciÞc on A. tsugae, preferring it over all the other prey species tested. This is a favorable attribute of a biological control agent. The possibility of nontarget effects of releasing this predator into the environment seems to be negligible and the potential beneÞt that could come with controlling A. tsugae largely surpasses the minimal risk.
